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(I)  Growth  by  MBE  and  Characterization  of  GaN  (Robert  Park) 


m-V  Nitride  Work 

During  this  quarter,  our  MBE  GaN  work  focused  on  a  novel  growth  method  which  we 
call  “alternate  element  exposure”  (AEE)  in  which  the  group  III  and  group  V  elements  do  not 
impinge  on  the  surface  at  the  same  time.  The  basic  concept  of  GaN  growth  by  AEE  is  the 
promotion  of  Ga  adatom  migration  on  growing  surfaces  under  N-free  conditions  which  can  be 
achieved,  we  have  discovered,  at  temperatures  much  lower  than  those  required  for  conventional 
MBE  growth.  In  this  work  the  growth  temperature  using  the  AEE  technique  was  600°C.  By 
virtue  of  forming  a  Ga-covered  surface  at  relatively  low  temperatures  and,  hence,  a  chemically 
active  surface,  the  sticking  coefficient  of  N  can  be  enhanced. 

The  RHEED  specular  beam  intensity  was  recorded  during  Ga  and  N  shutter  operating 
sequences  and  a  typical  behavior  is  shown  in  Fig.  I.l  for  the  case  of  a  30  sec.  delay  time.  In 
each  cycle,  the  N  shutter  was  opened.  The  Ga  exposure  time  was  5  seconds.  After  the  Ga 
shutter  was  elosed,  a  30  second  delay  was  introduced  in  this  case  before  the  N  shutter  was  again 
opened.  The  delay  time  was  varied  systematically  fi'om  run  to  run,  example  times  being  0  sec., 
15  sec.,  30  sec.,  and  50  sec.  A  total  of  2000  shutter  cycles  were  performed  for  the  growth  of 
each  AEE  sample. 

Conventional  MBE-grown  GaN  films  were  deposited  on  c-plane  sapphire  substrates  at  a 
growth  temperature  around  700°C.  Attempts  to  grow  GaN  films  conventionally  at  lower 
temperatures  resulted  in  Ga  droplet  formation  over  the  growing  siuface  since  the  Ga  atom 
diffusion  rate  is  slow  compared  to  the  growth  rate  of  the  GaN  film.  In  general,  all  of  our 
conventionally  grown  films,  regardless  of  the  growth  temperature,  exhibited  PL  spectra  having  a 
broadband,  yellow  emission  at  ~2.3  eV.  This  yellow  band  luminescence  is  thought  to  be 
associated  with  native,  deep-level  defect  transitions  which  suppress  the  more  desirable  UV 
luminescence.  A  low  temperature  PL  spectrum  recorded  from  a  0.3pm  thick  conventionally 
grown  GaN  film  is  shown  in  Fig.  1.2.  The  growth  temperature  was  600“C. 

On  the  other  hand,  samples  grown  using  the  AEE  technique  did  not  exhibit  the  yellow 
band  emission  in  their  PL  spectra.  Fig.  1.3  shows  the  low  temperature  PL  spectra  recorded  from 
GaN  films  grown  using  various  Ga-delay  times,  namely  0  sec.,  15  sec.,  30  sec.,  and  50  sec.  As 
can  be  seen  from  the  figure,  the  yellow-band  emission  is  absent  from  all  of  the  speetra.  It  also 
appears  from  this  data  that  there  is  an  optimum  Ga-delay  time  (in  this  case  30  sec.)  which 
produces  the  most  efficient  near  band-edge  emission.  Work  is  in  progress  which  is  aimed  at 
understanding  this  phenomenon. 


(II)  Growth  and  processing  of  GaN-based  materials  (Cammy  Abernathy  and  Steve 
Pearton) 

Il.a  Contacts  -  Comparison  Of  Ohmic  Metallization  Schemes  for  InGaAlN 

While  significant  advances  in  the  processing  of  III-V  nitrides  has  resulted  in  nitride- 
based  blueAJV  light  emitting  and  electronic  devices,  problems  still  exist.  One  major  area  of 
concern  is  ohmic  contacts.  It  has  proven  difficult  to  produce  low  resistance  ohmic  contacts  to 
the  Ill-nitride  materials  because  of  their  wide  bandgaps.  Many  metallization  schemes  have  been 
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Fig.  LI.  RHEED  specular  beam  intensity  as  a  function  of  time  during  Ga  and  N  shuttering. 
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Fig.  1.2.  PL  spectrum  recorded  from  a  GaN  film  grown 
by  conventional  MBE  growth  at  600°C 
(Film  thickness  =  0.3  pm) 
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1.3.  PL  spectra  recorded  from  GaN  films  grown  by  the  AEE 
technique  using  various  Ga-delay  times,  namely, 

0  sec.,  15  sec.,  30  sec.,  and  50  sec. 


tried,  including  Au  and  A1  single  metal  contacts  to  n^  GaN  and  non-  alloyed  Au/Ti  and  Al/Ti, 
which  were  foimd  to  have  contact  resistances  of  ~  10*^  to  10"^  O  cm^.  The  lowest  contact 
resistance  reported  for  n^  GaN  was  a  Ti/Al  contact  annealed  at  900°C  for  30  sec  in  a  rapid 
thermal  annealer  (pc  =  8x10'®  O  -cm^).  The  authors  suggested  the  formation  of  a  TiN  interface 
as  important  in  the  formation  of  the  low  resistance  contact.  Ohmic  contacts  (pg  ~  lO"^  Q  -cm^) 
were  produced  with  W  to  n^  GaN  with  little  interaction  between  the  semiconductor  and  the 
metal  up  to  800°C.  WSi^  on  n^  GaN  was  found  to  be  stable  to  800°C  as  well,  with  a  contact 
resistance  of  ~10'^  Q  -cm^,  Non-alloyed  Ti/Pt/Au  contacts  to  the  lower  bandgap  material  InN 
produced  ohmic  contacts  with  specific  contact  resistance  pg  =  1.8x10’  Q  -cm  .  Graded  contact 
layers  to  GaN  have  been  formed  with  both  InN  and  InGaN  epilayers  metallized  with  WSi^. 
Graded  In^Gai.^As/InN  contacts  have  also  been  used  on  GaAs/AlGaAs  heterojunction  bipolar 
transistors,  with  pg  as  low  as  5x10’^  Q  -cm^.  A  review  of  ohmic  contact  work  to  date  has  been 
published  by  Smith  and  Davis. 

Reliability  of  contacts  is  also  an  issue,  especially  for  high  temperature  electronics 
applications.  The  use  of  refractory  metal  contacts  such  as  W  and  WSix  may  be  a  solution. 
Moreover,  the  contact  resistance  could  be  reduced  if  lower  bandgap  In-containing  alloys  (or 
InN)  were  used  as  contact  layers  on  GaN,  much  as  the  case  with  InGaAs  on  GaAs.  However,  the 
In-based  nitrides  are  less  thermally  stable  than  GaN,  and  we  need  to  establish  the  trade  off 
between  better  contact  resistance  and  poorer  temperature  stability. 

In  this  paper  we  report  the  results  of  experiments  in  which  W,  WSio.44  and  Ti/Al  contacts 
were  deposited  on  n"^  Ino.65Gao.35N,  n"^  InN  and  n  Ino.75Alo.25N.  Graded  InAlN  contact  layers 
were  also  examined.  The  electrical,  structural  and  chemical  stability  of  these  contacts  were 
investigated  after  anneals  up  to  900°C  ,  using  Transmission  Line  Method  (TLM)  measurements. 
Scanning  Electron  Microscopy  (SEM)  and  Auger  Electron  Spectroscopy  (AES).  In  addition, 
temperature  dependent  TLM  measurements  in  the  range  25°C  to  125°C  were  taken  for  the  non- 
graded  samples-  to  obtain  information  about  the  conduction  mechanism. 

The  2000a  thick  InGaN,  InN  and  InAlN  samples  were  grown  using  Metal  Organic 
Molecular  Beam  Epitaxy  (MO-MBE)  on  semi-insulating,  (100)  GaAs  substrates  in  an  Intevac 
Gen  II  system  as  described  previously.  The  InN,  Ino65Gao35N  and  Ino.75Alo.25N  were  highly 
auto-doped  n-type  (~10  cm’ ,  ~  10  cm’  and  8x10  cm’  respectively)  due  to  the  presence  of 
native  defects.  The  In^Ali.^N  (x  =  0.6  ->  1)  graded  layers  were  grown  on  Ino.6Alo.4N,  auto-doped 
n-type  (~10**  cm*^). 

The  samples  were  rinsed  in  H20:NH40H  (20:1)  for  1  min  just  prior  to  deposition  of  the 
metal  to  remove  native  oxides.  The  metal  contacts  were  sputter  deposited  to  a  thickness  of 
lOOOA  in  the  case  of  W  and  WSio.44,  and  then  etched  in  SFo/Ar  in  a  Plasma  Therm  reactive  ion 
etcher  (RIE)  to  create  TLM  patterns.  For  the  Ti/Al  contacts,  200A  of  Ti  and  then  lOOOA  of  A1 
was  deposited,  and  the  TLM  pattern  formed  by  lift-off.  The  nitride  samples  were  subsequently 
etched  in  Cl2/CH4/H2/Ar  in  an  Electron  Cyclotron  Resonance  (ECR)  etcher  to  produce  the 
mesas  for  the  TLM  patterns.  The  samples  were  annealed  at  temperatures  from  300  to  900°C  for 
15  sec  under  a  nitrogen  ambient  in  a  RTA  system  (AG-410). 

The  specific  contact  resistance  for  W,  WSi^  and  Ti/Al  ohmic  contacts  to  InGaN  as  a 
function  of  annealing  temperature  is  shown  in  Fig.  Il.a.l.  All  contacts  had  similar  contact 
resistance  as  deposited,  ~  2-4x10’’  Q  -cm^.  Above  600°C,  the  Ti/Al  contacts  degraded  rapidly, 
and  the  WSix  continued  to  degrade,  while  Pg  for  both  samples  increased  up  to  ~  10’*  Q  -  cm  at 
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Specific  contact  resistance  for  W,  WSix  or  Ti/Al  contacts  on  InGaN  as  a  function  of 
annealing  temperature. 


900°C.  The  error  in  these  measurements  was  estimated  to  be  +10  %  due  mainly  to  geometrical 
contact  size  effects.  The  widths  of  the  TLM  pattern  spacings  varied  slightly  due  to  processing, 
(maximum  of  ±  5  %)  as  determined  by  SEM  measurements,  which  were  taken  into  account 
when  calculating  the  contact  resistances. 

The  specific  contact  resistance  for  ohmic  contacts  of  W,  WSi^  and  Ti/Al  to  InN  as  a 
function  of  annealing  temperature  is  shown  in  Fig.  II.a.2  As-deposited  samples  had  similar 
contact  resistances  to  InGaN,  indicating  a  similar  conduction  mechanism.  WSi^  contacts  showed 
the  most  degradation  at  low  temperature,  with  the  resistance  rising  a  factor  of  5  after  300°C 
annealing  and  then  remaining  constant.  Ti/Al  deviated  little  from  initial  values,  although  there 
was  severe  pitting  on  samples  annealed  at  500°C,  while  W  resistance  began  to  degrade  at 
500°C. 

In  Fig.  II.a.3  the  contact  resistance  is  shown  for  W,  WSi^  and  Ti/Al  ohmic  contacts  to 
InAlN  as  a  function  of  annealing  temperature.  As-deposited  Ti/Al  had  the  lowest  contact 
resistance  on  this  material,  pc-lxlO"^  Q  -cm^.  W  had  the  highest  initial  contact  resistance,  (Pc~ 
1x10*^  Q  -cm^).  The  contacts  showed  morphological  stability  to  400°C  (Ti/Al)  to  800°C  (W). 

SEM  micrographs  of  InAlN  contacted  with  W,  WSix  and  Ti/Al  as  grown  and  aimealed  at 
800,  700  and  400°C  respectively  are  shown  in  Fig.  II.a.4  The  W  on  InAlN  remained  smooth 
until  800°C,  and  then  began  to  form  hillocks,  as  did  the  WSi^  contact  at  700°C.  The  Ti/Al  began 
pitting  above  400°C.  The  pitting  in  the  Ti/Al  contacts  was  due  to  diffusion  of  the  A1  through  the 
Ti  into  the  sample,  as  determined  by  AES  depth  profiles.  Hillocks  appear  to  be  formed  from 
diffusion  of  In  from  the  nitride  sample  into  the  contact  layer. 

Fig.  II.a.5  shows  the  specific  contact  resistance  of  WSix  contacts  directly  on  Ino,6Alo,4N 
(top)  and  InN  graded  from  Ino6Alo.4N  (bottom)  as  a  fimction  of  anneal  temperatures  up  to 
700°C.  The  values  for  the  non-graded  contacts  are  ~  5x10"^  Q  -cm^  and  are  stable  to  700°C.  The 

^  “5  2 

graded  contacts  show  a  drop  in  specific  contact  resistance  at  500  °C  to  ~  1x10*  Q  -cm  .  AES 
depth  profiles  of  WSix/InN/graded  InxAlj.xN/InAlN  as  grown  Fig.  II.a.6  (top)  and  after  500  °C 
anneal  (bottom)  show  little  change  in  near  surface  composition.  N  has  diffused  out  into  the 
WSix  have  formed  an  interfacial  WN2  phase  which  plays  a  role  in  the  lower  contact 

resistance. 

Fig.  II.a.7  shows  the  theoretical  curves  for  contacts  to  InGaN  of  this  doping  level 
exhibiting  thermionic,  thermionic  field,  or  field  emission  as  their  dominant  conduction 
mechanisms.  The  curves  are  shown  only  to  give  the  expected  temperature  dependence  of  pc  and 
the  magnitude  of  the  specific  contact  resistance  is  arbitrary.  The  theoretical  values  are  calculated 
from 

Pg  a  exp(Ob/Eoo)  for  field  emission 

Pc  a  exp[<I)5/EooCoth(qEoo/kT)]  for  thermionic  field  emission 

Pc  a  exp(qOb/kT)  for  thermionic  emission 

where 

Eoo=  h/47t[Nd/m*8s]'^^ 

with  Ob  being  the  barrier  height,  Nj  the  donor  concentration  in  the  semiconductor,  m*  the 
effective  mass  of  electrons  in  the  material  and  85  the  permittivity  of  the  semiconductor.  For  field 
emission  qEoo/kT  »  1,  for  thermionic  field  emission  qEoo/kT  ~  1,  and  for  thermionic  emission 
qEoo/kT  «  1,  with  q/kT  =  0.026  eV  at  300  K.  A  fixed  barrier  height  (1  eV)  was  assumed  for 
calculations  of  the  three  conduction  mechanisins.  As  values  have  not  been  definitively 
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Fig.  Il.a.3. 

Specific  contact  resistance  for  W,  WSix  and  Ti/Al  ohmic  contacts  to  InAlN  as  a 
function  of  annealing  temperature. 


Fig.  II.a.4. 

SEM  micrographs  of  W  contacts  on  InGaN  as-grown  (top  right)  and  annealed  at  900 

°C  (top  left),  Ti/Al  contacts  on  InGaN  as-grown  (bottom  left)  and  annealed  at  500  °C 
(bottom  right). 
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Fig.  n.a.5.  specific  contact  resistance  of  WSix  contacts  to  Ino.6Alo.4N  (top)  and  InN  graded  to 
Ino.6Alo.4N  (bottom)  as  a  function  of  anneal  temperature. 
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Fig.  II.a.6. 


AES  depth  profiles  of  W/InN/graded  InxAli.xN/InAlN  as  grown  (top)  and  after  500  °C 
anneal  (bottom). 
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Fig.ILa.7.  Theoretical  curves  for  the  temperature  dependence  of  specific  contact  resistance  of 
contacts  in  which  thermionic  emission,  thermionic  field  emission,  or  field  emission  are 
the  dominant  conduction  mechanism. 


established  for  m*  and  for  all  the  nitride  compounds,  the  best  available  values  for  InN  were 
used  (m*=  0.1  mg  and  83=  880). 

Over  the  temperature  range  we  studied  there  was  little  difference  between  the  slope 
expected  for  the  theoretical  field  emission  and  thermionic  field  emission  plots  (Fig.  II.a.7).  The 
thermionic  field  emission  does  have  a  slight  upward  slope  with  increasing  reciprocal 
temperature,  but  it  is  less  than  the  error  found  in  the  experimental  measurements  on  the  samples. 
By  contrast,  the  thermionic  emission  case  shows  an  obvious  trend  over  the  temperature  range. 

Fig.  II.a.8  (top)  shows  the  temperature  dependent  contact  resistance  data  for  InN 
contacted  with  WSix-  The  500°C  annealed  contact  has  approximately  constant  contact  resistance 
over  this  temperature  range,  as  is  expected  for  InN  with  this  doping  level  (qEoo/kT-  77).  The 
contact  resistance  for  the  as-deposited  contact,  however,  rises  with  temperature,  characteristic  of 
thermionic  emission.  This  may  be  a  result  of  changing  doping  levels  in  the  InN  because  of  the 
sputter  deposition  of  the  contact,  as  is  the  case  for  GaAs.  The  specific  contact  resistance  of  InN 
contacted  with  W  as-deposited  and  after  a  500°C  anneal  was  also  measured  (Fig.  II.a.8  middle). 
Again  the  annealed  contact  shows  a  relatively  constant  contact  resistance  over  the  range  while 
the  as-deposited  contact  shows  an  upward  trend.  Temperature  dependent  contact  resistance 
values  for  InGaN  contacted  with  W  and  WSi^  are  shown  in  Fig.  II.a.8  bottom.  The  specific 
contact  resistance  is  very  low  (<  10'^  Q  -cm^)  for  both  metals.  There  is  no  clear  pattern  to  the 
data  over  this  temperature  range.  There  is  however  no  upward  trend  that  would  indicate 
thermionic  emission.  For  this  material,  the  value  of  Eqo  was  estimated  to  be  0.63  eV  based  on 
doping  levels.  This  gives  a  value  of  qEoo/kT  ~  24  indicating  field  emission  conduction  is 
expected  to  be  dominant. 

In  summary,  W,  WSi^  and  Ti/Al  were  found  to  produce  low  resistance  ohmic  contacts 
on  n^  InGaN  and  InN  and  InAlN.  W  contacts  proved  to  be  the  most  stable,  and  also  gave  the 
lowest  resistance  to  InGaN  and  InN,  <  10’^  Q  -cm^  after  600°C  anneal,  and  1x10^  Q  -cm^ 
after  300°C  anneal,  respectively.  The  contact  resistance  stability  varied  for  each  material  and 
degraded  at  temperatures  >  400°C  on  InN,  >  600°C  on  InGaN,  while  those  on  InAlN  were  not 
stable.  WSix  contacts  to  InN  graded  from  Ino  gAlg^N  had  Pc  ~  10'^  Q  -cm^  after  a  500°C  armeal, 
over  a  order  of  magnitude  lower  than  WSi^  contacts  directly  to  In0.6A10.4N.  Theoretical 
calculations  based  on  the  doping  levels  of  InGaN  and  InN  indicate  that  the  dominant  conduction 
mechanism  in  W-based  ohmic  contacts  to  these  materials  should  be  field  emission.  The 
experimental  data  fit  curves  for  field  emission  or  thermionic  field  emission  for  InGaN  contacted 
with  WSix  and  W.  InN  samples  contacted  with  both  W  and  WSi^  showed  similar  behavior  after 
annealing  at  500°C,  while  for  as-deposited  the  curves  fit  better  to  the  thermionic  emission  case. 
This  may  indicate  that  the  deposition  of  the  contact  metal  lowered  the  doping  levels  in  the  InN, 
while  annealing  returned  them  to  a  higher  level. 

Il.b.  Dry  Etching  -  Plasma  Etching  of  Ill-Nitrides  in  ICl/Ar  and  IBr/Ar  Plasmas 

Dry  etching  of  GaN  and  related  compounds  in  various  chemistries  have  been 
investigated  in  both  reactive  ion  etching,  (RIE),  and  electron  cyclotron  resonance  (ECR)  modes. 
ECR  etching  has  proven  much  more  efficient  than  RIE  for  the  nitrides  due  to  higher  ion  and 
excited  neutral  densities  and  more  effective  bond-breaking,  allowing  the  etch  by-products  to 
form  more  readily.  Another  concern  is  preferential  loss  of  the  group  V  element  from  the  surface 
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Fig.  II.a.8.  Experimentally  determined,  temperature-dependent  specific  contact  resistance  values 
for  InN  contacted  with  WSi^  (top)  and  W  (middle),  and  for  InGaN  contacted  with  W 
and  WSix  (bottom). 


due  to  its  higher  volatility,  which  can  result  in  rough  morphologies  during  etching  of  compoxmd 
semiconductors.  This  is  of  particular  concern  for  the  nitrides.  The  dry  etching  of  III-V  materials 
is  often  rate  limited  by  removal  of  the  group  III  etch  product,  particularly  for  In-containing 
materials.  Various  alternative  plasma  chemistries  have  been  explored  in  the  search  for  a  fast, 
smooth,  anisotropic  etch  for  nitrides,  such  as  Br2  and  I2.  Pearton  et  al.  investigated  the  ECR 
etching  of  InP  in  HI/H2/Ar  and  foimd  etch  rates  >  1  pm/min,  smooth  anisotropic  etching  with  no 
residue  after  etch.  This  chemistry  was  also  used  to  etch  GaAs,  InAs,  InSb,  InP,  and  GaSb, 
reporting  features  that  were  anisotropic,  smooth,  with  no  deposition  during  etch,  and  an  order  of 
magnitude  faster  rates  than  with  the  chemistry.  Less  work  has  been  done  with  Br2- 

based  plasma  discharges.  GaN  has  been  etched  in  HBr,  HBr/Ar,  and  HBr/H2  under  reactive  ion 
etch  conditions,  with  etch  rates  around  >  600A/min  at  400  V  dc.  Somewhat  faster  rates  were 
achieved  rmder  ECR  conditions  in  HBr/H2  (~900A/min  at  -150  V  dc).  Plasma  chemistries  based 
on  ICl  and  IBr  are  of  interest  as  plasma  dissociation  produces  active  chlorine  or  bromine  and 
iodine  and  should  provide  efficient  etching  of  the  nitrides.  A  review  of  nitride  etching  results 
has  recently  appeared.  In  this  paper  we  report  experiments  comparing  ICl/Ar  and  IBr/Ar  ECR 
plasma  etching  of  GaN,  InN,  InAlN,  AIN  and  InGaN. 

The  GaN,  AIN,  InN,  Ino.36Alo.64N  and  Ino.5Gao.5N  samples  were  grown  by  Metal  Organic 
Molecular  Beam  Epitaxy  (MOMBE)  on  semi-insulating,  (100)  GaAs  and  Si  substrates  or  on 
AI2O3  substrates  in  an  Intevac  Gen  II  system  as  described  previously.  The  group-III  sources 
were  triethylgallium,  trimethylamine  alane  and  trimethylindium,  respectively,  and  the  atomic 
nitrogen  was  derived  from  an  ECR  Wavemat  source  operating  at  200  W  forward  power.  The 
layers  were  single  crystal  with  a  high  density  of  stacking  faults  and  microtwins.  The  GaN  and 
AIN  were  resistive  as-grown,  and  the  InN  was  highly  auto-doped  n-type  (>10^°  cm’^)  due  to  the 
presence  of  native  defects.  InAlN  and  InGaN  were  found  to  contain  both  hexagonal  and  cubic 
forms.  The  In^  36AI0.64N  and  Ino  5Gao.5N  compositions  we  employed  were  conducting  n-type  as 
grown  (~  10*^  cm'^)  due  to  residual  auto-doping  by  native  defects. 

The  samples  were  patterned  with  either  a  carbon-based  mask  or  photoresist,  and  were 
etched  in  a  Plasma-Therm  SLR  770  reactor  with  an  Astex  4400  low  profile  ECR  source.  The  ICl 
and  IBr  are  crystalline  solids  with  melting  temperatures  of  ~  23  and  50°C  respectively.  We 
loaded  ~  50  g  of  ICl  or  IBr  into  a  stainless  steel  vacuum  vessel  directly  connected  to  a  mass 
flow  controller  which  injected  the  vapor  into  the  ECR  source.  The  vacuum  vessel  was  wrapped 
in  Al-foil  and  heated  to  ~  45°C.  We  obtained  flow  rates  up  to  12  standard  cubic  centimeters  per 
minute  (seem).  The  process  pressure  was  held  constant  at  1.5  mTorr  and  the  temperature  of  the 
He  back-side  cooled  chuck  was  held  at  23°C.  The  rf  power  (13.56  MHz)  was  varied  between  50 
and  250  W  and  the  microwave  power  between  400  and  1000  W.  The  plasma  chemistries  used 
were  ICl/Ar  or  IBr  /  Ar  with  respective  flows  of  4  sccm/4  seem,  2  seem/  6  seem,  1  seem/  7  seem 
and  8  seem/  0  seem.  Step  heights  were  obtained  from  Dektak  stylus  profilometry  measurements 
after  the  removal  of  the  carbon  mask  with  acetone,  and  used  to  calculate  the  etch  rates.  The  error 
in  these  measurements  is  approximately  ±  5%.  The  surface  morphology  of  selected  GaN 
samples  were  examined  with  Atomic  Force  Microscope  (AFM)  using  a  Si  tip  in  tapping  mode 
and  Scanning  Electron  Microscopy  (SEM),  while  near-surface  composition  was  measured  by 
Auger  Electron  Spectroscopy  (AES). 

The  etch  rates  as  a  function  of  plasma  composition  for  GaN,  InN,  InAlN,  AIN  and 
InGaN  are  shown  in  Fig.  Il.b.l.  Microwave  power  was  held  at  1000  W  and  rf  power  at  150  W 
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Fig.  II.b.1.  Etch  rate  as  a  function  of  percent  ICl  (top)  or  IBr  (bottom)  for  GaN,  InN,  InAlN,  AIN 
and  InGaN  in  1000  W  (ECR),  150  W  rf,  1.5  mTorr  discharges. 


(corresponding  to  a  dc  self  bias  of  -170  V  at  the  sample  position).  For  the  ICl  based  etch  (Fig. 
Il.b.l,  top),  the  GaN  and  InGaN  etch  rates  rise  as  the  amount  of  ICl  in  the  etch  increases  from 
12.5  to  50%,  and  then  level  off.  Above  50%  ICl  there  appears  to  be  a  competition  between  the 
formation  of  GaCl3  with  has  a  boiling  point  of  201  °C,  with  that  of  Gal3  which  sublimes  at  345. 
The  GaCl3  may  form  preferentially  at  some  plasma  compositions.  The  InN  shows  a  sharp 
increase  in  etch  rate  above  25%  ICl.  This  suggests  that  at  25%  ICl  the  Inl3,  which  is  much  more 
volatile  (InCl3  boils  at  600°C,  Inl3  at  210°C),  can  form  easily.  The  InAlN  and  AIN  are  not 
greatly  effected  by  changes  in  the  composition  of  the  plasma  in  ICl  (or  IBr,  Fig.  Il.b.l,  bottom), 
perhaps  because  both  A1  containing  etch  products  have  similar  volatility  (AICI3  boils  at  1 83°C, 
AIRrj  at  263°C  and  AII3  at  191°C)  and  because  the  etch  rate  is  probably  limited  by  the  initial 
bond  breaking  in  the  Al-containing  materials.  We  expect  that  AIN  and  InAlN  will  be  difficult  to 
etch  because  of  their  high  average  bond  energies  (11.52  eV/atom  for  AIN,  7.72  eV/atom  for 
InN,  compared  to  6.52  eV/atom  for  GaAs).  The  N  containing  etch  products  are  much  more 
volatile  than  the  group-III  etch  products,  with  NCI3  boiling  at  <  71°C  while  NI3  is  explosive. 

The  etch  rates  for  InN  and  InGaN  increased  as  the  amount  of  IBr  in  the  etch  increased 
from  12.5  to  25%,  and  remained  constant  at  higher  percentages  (Fig.  Il.b.l,  bottom).  This 
suggests  that  above  25%  IBr  the  etching  is  no  longer  reaction-limited.  The  InBr3  etch  product  is 
much  less  volatile  than  Inl3,  as  mentioned  earlier.  Above  that  composition  however,  there  may 
have  been  competition  between  the  formation  of  InBr3  and  Inl3,  which  slowed  the  etch,  or  the 
etch  may  have  been  limited  by  the  removal  of  the  reactants  from  the  surface.  GaN  etch  rates 
showed  little  change  with  IBr  composition  to  50%  IBr  plasma  composition,  but  at  100%  IBr  the 
etch  rates  increased  sharply.  There  may  not  have  been  enough  reactants  at  the  etch  surface  at 
50%  IBr,  or  at  these  lower  percents  of  IBr  there  may  be  a  competition  between  the  formation  of 
GaBr3  and  Gal3. 

In  Fig.  II.b.2  the  etch  rate  as  a  function  of  microwave  power  for  GaN,  InN,  InAlN,  AIN 
and  InGaN  is  shown  for  values  between  400  and  1000  W  for  ICl/Ar  plasmas  (top)  and  IBr/Ar 
(bottom).  The  rf  power  was  held  at  150  W,  and  4  seem  ICl  or  IBr  /  4  seem  Ar  gas  flows  were 
used.  Both  InAlN  and  AIN  have  low  etch  rates  in  ICl/Ar,  and  show  no  significant  change  in 
etch  rate  with  increasing  microwave  power.  This  indicates  that  they  are  not  reaction  limited  in 
this  chemistry,  since  increasing  the  microwave  power  results  in  a  higher  concentration  of 
reactive  species  which  enhances  the  chemical  component  of  the  etch  mechanism.  GaN  and 
InGaN  showed  a  slight  increase  in  etch  rate  from  400  W  microwave  power  to  600  W.  Thereafter 
the  GaN  etch  rate  dropped  gradually  with  increasing  microwave  power,  while  the  InGaN  etch 
rate  dropped  sharply  at  800  W  and  then  remains  constant  at  1000  W.  This  would  indicate  either 
a  diffusion-limited  etch,  where  the  number  of  reactants  becoming  available  exceeds  the  rate  at 
which  the  iodine  and/or  chlorine  etch  products  can  be  removed,  or  competition  between 
reactants  occurs  above  600  W  microwave  power.  The  InN  had  a  maximum  in  etch  rate  at  800  W 
ECR  power.  This  might  result  from  the  large  difference  in  volatilities  of  the  etch  products  for 
this  material,  leading  to  a  strong  sensitivity  to  reactant  density.  We  expect  that  below  that 
density  the  etch  rate  is  reaction-limited  and  above  it  there  is  competition  between  the  reactants 
that  limits  the  etch  rate.  A  similar  trend  is  observed  for  InN  in  the  IBr/Ar  mixtures  although  the 
peak  is  not  as  distinct. 

The  etch  rates  for  InAlN  and  AIN  were  again  quite  low  in  IBr  based  plasmas  (Fig.  II.b.2, 
bottom).  GaN  had  constant  etch  rates  for  powers  between  400  W  and  800  W  in  the  IBr 
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chemistry,  and  then  increased  sharply  at  1000  W.  The  InGaN  etch  rate  again  decreased  with 
increasing  microwave  power.  As  the  InGaN  etch  rate  increased  monotonically  with  increasing  rf 
power  (as  will  be  seen  shortly),  the  removal  of  the  etch  products  would  seem  to  be  limiting  the 
etch  rates  for  this  material. 

Fig.  II.b.3  shows  the  etch  rate  as  a  function  of  rf  power  for  GaN,  InN,  InAlN,  AIN  and 
InGaN  in  ICl/Ar  (top)  and  IBr/Ar  (bottom)  plasmas  for  chuck  powers  between  50  and  250  W. 
Microwave  power  was  held  at  1000  W  and  the  flow  was  held  at  4  seem  ICl  or  IBr  /  4  seem  Ar. 
The  AIN  and  InAlN  rates  were  affected  very  little  by  increasing  rf  power  in  either  chemistry. 
GaN,  InN  and  InGaN  all  have  large  increases  in  etch  rate  as  the  rf  is  increased  from  150  to  250 
W  in  the  ICl  chemistry.  This  could  mean  that  the  bombarding  ions  have  enough  energy  to 
remove  the  less  volatile  etch  product  at  this  power  or  to  more  efficiently  break  bonds,  allowing 
the  etch  to  proceed  with  both  I-  and  Cl-  etch  products.  GaN  etch  rates  in  IBr/Ar  increased  with 
increased  rf  power  to  150  W,  and  then  decreased  slightly  at  250  W,  where  the  sputtering  ions 
may  have  removed  reactants  before  the  etch  could  proceed.  InN  and  InGaN  in  IBr/Ar  plasmas 
had  large  increases  in  etch  rate  as  the  rf  was  increased  from  150  to  250  W,  similar  to  the  results 
in  ICl/Ar. 

In  Fig.  II.b.4  the  RMS  roughness  for  GaN  etched  in  ICl/Ar  as  a  function  of  rf  power  is 
shown.  The  RMS  roughness  for  the  as  grown  sample  is  shown  for  reference.  These  samples 
were  impattemed  to  avoid  roughness  caused  by  mask  material  being  redeposited.  The  etched 
surfaces  were  found  to  be  significantly  smoother  than  that  of  the  as  grown  sample  indicating 
that  surface  features  are  removed  predominantly  by  sputtering.  Sharp  features  will  be  removed 
by  ion  milling  faster  than  flat  features  because  of  the  angular  dependence  of  milling  rate,  and  as 
long  as  preferential  sputtering  of  N  does  not  occur,  this  will  lead  to  a  degree  of  smoothing  of  the 
surface.  Above  150  W  the  surface  roughness  begins  increasing  again,  probably  due  to  the  onset 
of  preferential  sputtering. 

AES  depth  profiles  of  GaN  as-grown  and  etched  in  ICl/Ar  at  50  W  or  100  W  rf  power 
are  shown  in  Fig.  II.b.5.  At  these  powers  we  find  no  reduction  in  the  N/  Ga  ratio.  This  means 
that  there  is  little  preferential  loss  of  N  during  the  etching  at  these  powers.  Adventitious  C  and  O 
from  native  oxide  are  also  observed  on  the  surface  of  these  samples.  I  and  Cl  are  found  in  the 
top  25A  of  the  etched  samples.  Similar  results  were  found  for  GaN  etched  in  IBr/Ar  plasma, 
though  no  Br  was  detected  on  the  surface.  At  high  rf  powers  one  would  expect  preferential  N- 
loss,  as  reported  previously  by  Shul  et.  al. 

Fig.  ILb.6  shows  the  etch  selectivity  of  GaN  over  InN,  InAlN,  InGaN  or  AIN  imder 
ICl/Ar  conditions  as  a  function  of  rf  power  (top),  percent  ICl  (middle)  and  microwave  power 
(bottom).  The  selectivity  of  GaN  over  the  other  nitrides  rose  with  increasing  rf  power,  with 
GaN/AlN  reaching  ~  6  and  GaN/InAlN  almost  5  at  250  W  rf.  The  volatility  of  the  InCl3  was 
lower  than  that  of  GaCl3,  and  as  the  percent  ICl  in  the  etch  increased,  so  did  the  selectivity  for 
GaN/InN,  reaching  ~  10  at  100%  ICl.  With  both  GaCl3  and  Gal3  having  high  volatilities,  with 
increasing  reactant  concentration,  GaN  was  etched  faster  than  the  In-containing  compounds, 
which  may  still  be  limited  by  removal  of  InCl3.  GaN  etched  much  faster  than  AIN  and  InAlN  as 
well  for  most  microwave  powers  (Fig.  II.b.6,  bottom),  achieving  selectivities  of  ~8  and  5 
respectively  at  600  W  microwave  power.  In  IBr/Ar  chemistries  the  selectivities  were  low,  as 
shown  in  Fig.  II.b.7,  never  going  above  4  for  any  set  of  rf  or  microwave  powers  of  plasma 
compositions.  We  assume  this  is  due  to  the  similar  volatilities  of  iodide  and  bromide  etch 
products. 
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Fig.  II.b.3.  Etch  rate  as  a  function  of  rf  power  for  GaN,  InN,  InAlN,  AIN  and  InGaN  in  4  ICl/4  Ar 
(top)  or  4  IBr/4  Ar  (bottom)  plasmas  (1000  W  ECR,  1.5  mTorr). 


Fig.  II.b.4.  RMS  roughness  for  GaN  as  a  function  of  rf  power  in  4  ICl/4  Ar  1000  W  ECR,  1.5 
mTorr  discharges  plasmas. 
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Fig.  II.b.5.  AES  depth  profiles  of  GaN  as-grown  (top),  and  etched  in  4  ICl/  4  Ar  at  50  W  rf 
(middle)  and  at  100  W  rf  (bottom)  power.  The  ECR  source  power  was  1000  W  and  the 
pressure  1.5  mTorr. 
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Fig.  II.b.6.  Selectivity  of  GaN  over  InN,  InAlN,  InGaN  or  AIN  in  ICl/Ar  plasnoias  as  a  function  of 
rf  power  (top),  percent  ICI  (middle)  and  microwave  power  (bottom).  The  ECR  power 
was  1000  W  for  the  top  two  plots,  the  rf  power  150  W  for  the  bottom  two  plots  and  the 
plasma  composition  4  ICl/4  Ar  for  the  top  and  bottom  plots. 
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The  etch  rates  for  GaN,  InN,  InAlN,  AIN  and  InGaN  were  measured  in  ICl/Ar  and 
IBr/Ar  plasmas.  The  sensitivity  to  changes  in  plasma  chemistry,  microwave  power  and  rf  power 
appears  to  be  directly  influenced  by  the  volatility  of  the  group-III  -I  and  Cl-  or  Br-etch  products. 

InN,  with  the  largest  difference  between  volatility  of  etch  products,  proved  to  be  the  most 
sensitive  to  the  plasma  composition  and  ion  density  in  ICl/Ar  plasma  chemistries.  Very  fast  etch 
rates  were  achieved  for  GaN,  InN  and  InGaN  in  ICl/Ar  chemistries.  At  250  W  rf  power  AIN  and 
InAlN  had  slow  etch  rates  in  this  mixture  and  were  affected  very  little  by  changes  in  etch 
conditions.  GaN  and  AIN  etched  in  IBr/Ar  showed  a  sharp  increase  in  etch  rate  as  the  IBr 
composition  increased  from  50  to  100%,  while  the  etch  rates  for  the  other  materials  stayed 
relatively  constant  above  25%  IBr.  All  the  materials  showed  a  general  increase  in  etch  rate  with 
increasing  rf  power  in  both  chemistries.  The  etched  surface  of  GaN  imder  both  plasma 
chemistries  was  found  to  be  extremely  smooth  with  little  preferential  loss  of  N  from  the  surface 
at  low  rf  powers.  There  was  no  detectable  residue  from  the  etch  after  IBr/Ar  plasma,  and  only 
slight  Cl  residue  in  ICl/Ar  chemistry.  Selectivity  of  GaN  over  InN,  InAlN,  InGaN  or  AIN  in 
ICl/Ar  plasmas  as  a  function  of  rf  power  (top),  percent  ICl  (middle)  and  microwave  power 
(bottom).  The  ECR  power  was  1000  W  for  the  top  two  plots,  the  rf  power  150  W  for  the  bottom 
two  plots  and  the  plasma  composition  4  ICl/4  Ar  for  the  top  and  bottom  plots. 

(Ill)  Ohmic  Contacts  to  p-GaN  (Paul  Holloway  and  Jeff  Trexler) 

Studies  continued  this  quarter  emphasizing  the  search  for  a  contact  metallization  to  replace  the 
previously  studied  Au/Ni  contact  scheme.  Both  Pd  and  Cr  were  deposited  in  place  of  Ni  in  the  hope 
that  one  of  these  elements  would  react  with  the  underlying  GaN  to  provide  for  the  possibility  of 
increased  doping  in  the  near  surface  region  of  the  semiconductor  which  will  allow  for  a  greater 
probability  for  tunneling  to  occur  resulting  in  low  resistance  ohmic  contacts.  The  p-GaN:Mg  substrates 
used  had  a  carrier  concentration  of  9.8x10*^  cm’^.  All  contacts  were  deposited  by  electron  beam 
evaporation  with  a  thickness  of  lOOOA  Au,  and  500A  Pd  or  Cr.  The  contacts  were  heat  treated  up  to 
600  °C  for  up  to  30  minutes  in  flowing  N2  with  current- voltage  (I-V)  measurements  being  taken  after 
each  armeal.  Auger  electron  spectroscopy  (AES)  was  performed  on  many  of  the  samples  to  determine 
interfacial  reactions  between  the  contact  metals  and  the  underlying  GaN.  Temperature  dependent  I-V 
measurements  were  taken  for  the  Au/Pd/GaN  contacts  following  a  600°C  for  30  minute  heat  treatment 
to  determine  the  dominant  conduction  mechanism. 

Deposition  of  Au/Pd  and  Au/Cr  provided  rectifying  but  nearly  linear  I-V  curves.  Upon  heat 
treatment  of  the  Au/Pd  contacts  to  200°C  an  increased  resistance  was  seen.  However,  following  a 
400  °C  heat  treatment  the  potential  offset  decreased  but  the  curve  remained  rectifying.  I-V  curves  for 
all  these  heat  treatments  can  be  seen  in  Fig.  III.l.  The  I-V  curves  for  the  Au/Cr  contacts  as-deposited 
were  similar  in  magnitude  to  the  Au/Pd  curve  but  with  a  slightly  more  linear  nature. 

The  purpose  of  substituting  Pd  or  Cr  for  Ni  in  the  Au/Ni  contact  scheme  is  to  find  a  metal  that 
will  react  with  the  underlying  GaN  to  a  greater  extent  than  Ni,  which  will  provide  a  greater  opportunity 
for  doping  of  the  surface  region  of  the  GaN  as  has  been  postulated  previously.  AES  depth  profiles  were 
used  on  as-deposited  and  heat  treated  samples  to  determine  if  any  metal/GaN  reaction  occurred  and  the 
extent  of  this  reaction.  For  the  Au/Pd  contacts  as-deposited,  fairly  planar  interfaces  exist  between  both 
the  Pd:Au  and  Pd;GaN  with  no  apparent  interaction  between  the  Pd/Au  contact  layer  and  the  underlying 
p-GaN.  Upon  heat  treatment  dt  600 °C  Pd  has  been. shown  to  react  with  the  Au  capping  layer  forming  a 
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Fig.  I-V  curves  for  Au/Pd/p-GaN. 


Au:Pd  solid  solution  (Fig.  III.2).  It  is  the  formation  of  this  solid  solution  that  is  believed  to  be 
responsible  for  the  increased  conduction  in  these  contacts  upon  heat  treatment.  As  for  the  Au/Cr 
contacts  an  AES  depth  profile  has  been  performed  on  the  as-deposited  sample  showing  an  abrupt 
Au/Cr  interface  and  a  broadened  Cr/GaN  interface  that  may  be  due  to  preferential  sputtering  rates  of  the 
crystalline  Cr  giving  a  rough  interface.  (Fig.  III.3)  Additional  depth  profiles  on  heat  treated  samples 
are  planned  to  further  investigate  if  there  is  a  reaction  between  Cr  and  GaN. 

Preliminary  indications  from  the  temperature  dependent  I-V  data  collected  on  the  Au/Pd 
contacts  armealed  at  600  °C  for  30  minutes  are  that  there  is  a  change  in  conduction  mechanism  at  about 
2.5-3  eV  depending  on  the  temperature  at  which  the  measurement  was  taken.  It  appears  that  conduction 
above  2.5  eV  is  dominated  by  a  tunneling  mechanisms  (either  thermionic  field  emission  or  field 
emission)  while  at  voltages  below  2.5  eV  thermionic  emission  is  dominating  the  conduction.  Currently 
these  measurements  are  being  performed  on  Au/Ni  and  Au/Cr  contacts  to  determine  if  the  conduction 
mechanisms  are  similar  for  those  contact  schemes. 


(IV)  Microstructural  Characterization  of  GaN  Thin  Films  Grown  on  LiGa02  Substrate 

(Kevin  Jones  and  Jing  Hong  Li) 

Cross-sectional  transmission  electron  microscope  (XTEM)  analysis  and  high  resolution 
transmission  electron  microscope  (HRTEM)  have  been  carried  out  on  GaN  thin  films  MOCVD- 
grown  on  a  new  substrate  of  single  crystalline  LiGa02.  The  GaN  films  were  grown  on  the  (001) 
LiGa02  which  has  a  orthorhombic  structure  vidth  lattice  parameters  of  a=5.4063  A,  b=6.3786  A, 
and  c=5.0129  A,  while  GaN  has  a  hexagonal  structure  with  lattice  parameters  of  a=3.189  A  and 
c=5.185  A.  So  far  two  samples  (16,  15)  were  analyzed.  The  sample  16  was  deposited  in  a  low 
pressure,  horizontal  cold- wall  MOCVD  reactor  on  the  (001)  LiGa02  substrate  with 
triethygallium  (TEGa)  and  ammonia  NH3  as  precursors  and  N2  as  carrier  gas  using  a  V/III  ratio 
of  3324  and  substrate  temperature  of  850°C  under  a  reactor  pressure  of  130  Torr  for  1  hour.  The 
sample  15  was  deposited  using  similar  processing  conditions  as  the  sample  16  but  using  a 
higher  proportion  of  TEGa,  i.e.  a  lower  V/III  ratio.  The  thickness  of  the  GaN  films  is  typically 
about  0.5  pm. 

Fig.  IV. la  shows  a  XTEM  micrograph  of  GaN/LiGa02  interface  and  the  corresponding 
selected  area  diffraction  pattern  (SADP)  with  a  big  aperture  from  the  sample  15.  The 
corresponding  SADP  (Fig.  IV.  lb)  show  that  superposition  of  the  GaN  [2110]  and  the  LiGa02 
[010]  diffraction  patterns,  suggesting  that  the  GaN  film  is  single  crystal  and  was  grown 
epitaxially  on  the  LiGa02  substrate.  The  XTEM  micrograph  revealed  presence  of  high  defect 
density.  The  threading  dislocation  density  was  high  near  the  interface,  but  it  was  reduced  with 
increasing  distance  from  the  interface.  From  Fig.  IV. la,  we  estimate  that  the  threading 
dislocation  density  for  sample  15  typically  ranges  from  10*°/cm^  near  the  GaN/LiGa02 
interface,  decreasing  to  lOVcm^  at  a  distance  of  0.3  pm  away  from  the  interface.  The  dislocation 
density  was  determined  by  estimating  the  thickness  of  the  TEM  foil,  and  counting  the 
dislocations  along  a  segment  parallel  to  the  interface.  Contrast  analysis  shows  that  there  was 
residual  strain  at  the  interface  between  the  GaN  and  the  LiGa02  substrate,  even  through  the  GaN 
and  the  LiGa02  have  a  very  small  mismatch  of  0.09%.  In  addition  to  the  diffraction  spots, 
streaking  along  the  [0002]  were  observed.  The  streaks  are  attributed  to  a  basal  plane  stacking 


Fig.  III.2.  AES  depth  profile  of  Pd/Au  on  p-GaN  heat  treated  at  600°C  for  30  minutes. 
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Fig.  IV.la-b. 


faults  which  are  parallel  to  the  interface  or  the  LiGa02  {001 }  planes.  The  corresponding  SADP 
(Fig.  IV. lb)  revealed  that  the  GaN  film  and  the  LiGa02  have  the  following  orientation 

relationship:  pITOJoaN  II  [010]LiGaO2;  (0002)GaN  a  (002)LiGaO2  <  5-8°.  It  was  found  that  the 
GaN  (0002)  plane  tilted  5-8°  from  the  LiGa02  (002)  plane,  as  shown  in  Fig.  IV. lb.  So  the 
arrangement  of  the  GaN  film  and  the  LiGa02  is  shown  in  Fig.  IV.2. 

Fig.  IV.3  shows  a  XTEM  micrograph  of  GaN/LiGa02  interface  and  the  corresponding 
SADP  with  a  small  aperture  covered  with  a  half  GaN  and  a  half  LiGa02  from  the  sample  16. 
Threading  dislocations  (marked  by  “d”)  and  stacking  faults  (marked  by  arrows)  were  still 
observed.  Compared  with  sample  15,  it  appears  that  the  GaN  film  of  sample  16  has  a  lower 
defect  density.  The  threading  dislocation  density  for  sample  16  was  estimated,  ranging  from 
10^/cm^  at  the  interface  decreasing  to  10^/cm^  at  a  distance  of  0.3  pm  away  from  the  interface. 
XTEM  micrograph  (Fig.  IV.3  a)  revealed  that  there  is  an  inter-layer  between  the  GaN  film  and 
the  LiGa02  substrate,  marked  by  “A”  in  Fig.  IV.3a.  The  weak  spot-ring  in  the  SADP  from  the 
region,  as  indicated  by  arrows  in  Fig.  IV.3c,  indicates  that  the  inter-layer  is  amorphous  or  nano- 
cyrstalline.  This  inter-layer  might  be  formed  during  the  film  growth  at  high  temperature  because 
of  inter-diffusion  of  N  and  Li  or  O,  or  reaction  of  the  film  and  the  substrate.  This  kind  of  inter¬ 
layer  was  foimd  in  both  samples  15  and  16.  This  inter-layer  may  play  important  role  in 
formation  of  defects  in  the  GaN  film.  Chemical  compositional  analysis  of  this  interlayer  will  be 
carried  out  by  either  SIMS  or  EELS. 

Dislocation  analysis  has  been  conducted  by  conventional  XTEM  using  the  g.b=0 
criteria.  Fig.  IV .4  shows  a  series  of  XTEM  micrographs  taken  with  different  reflections  from 
sample  16  of  a  [2110]  cross-section.  The  Burger’s  vectors  for  some  of  the  threading 

dislocations  were  determined  to  be  [0001]  and  1/3[11 20].  These  dislocations  are  predominantly 
edge-type  in  nature,  assuming  that  the  growth  direction  is  the  same  as  the  translation  vector  of 
the  dislocations. 

HRTEM  has  also  been  carried  out  on  the  GaN/LiGa02.  Fig.  IV.5  and  IV.6  show  two 
HRTEM  micrographs  of  the  GaN/LiGa02  interface  for  sample  16  and  15,  respectively.  Both 
HRTEM  micrographs  show  two  dimensional  lattice  images,  both  along  the  GaN  [2110] 
direction.  In  both  cases,  plane  stacking  faults  (indicated  by  arrows)  were  observed,  which  were 
parallel  to  the  GaN/LiGa02  interface  or,  the  LiGa02  (001)  plane.  These  plane  stacking  faults 
occur  at  various  separations  indicating  that  they  are  not  single  polytype  stacking  order  (e.g.  2H, 
4H,  6H  etc.).  They  are  a  mixture  of  them.  Both  HRTEM  micrographs  also  confirmed  the  XTEM 
observations  that  there  is  a  nano-crystalline  or  amorphous  inter-layer  between  the  GaN  film  and 
the  LiGa02  substrate.  A  nano-crystalline  or  amorphous  inter-layer  has  in  the  past  been  observed 
to  form  in  order  to  relieve  stress  caused  by  a  big  lattice  mismatch  (~5-10%).  However  since 
there  is  a  small  lattice  mismatch  of  0.09%.  between  the  GaN  and  the  LiGa02,  the  mechanism 
driving  formation  of  this  layer  must  be  something  other  than  mismatch.  Additional  HRTEM 
studies  aided  with  chemical  compositional  analysis  using  EDS,  SIMS  etc  will  be  done  to  further 
investigate  the  cause  of  the  inter-layer,  and  its  impact  on  the  growth  of  the  GaN  film. 
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(V)  MOCVD  Growth  of  GaN  Thin  Films  (Tim  Anderson,  Olga  Kryliouk,  Todd  Dann) 

A  major  limitation  to  the  development  of  GaN-based  optoelectronic  devices  is  the  lack  of  a 
suitable  substrate  material  that  is  lattice-matched  and  both  thermally  and  chemically  compatible 
with  GaN.  Furthermore,  the  high  growth  temperature  typically  used  for  MOCVD  growth  of  GaN 
on  sapphire  severely  limits  the  extent  of  In  incorporation  and  thus  the  range  of  accessible 
wavelengths.  The  goal  of  this  research  has  been  to  develop  a  lower  temperature  growth  process 
(<850°C)  to  achieve  deposition  of  AlGaInN  over  the  full  composition  range.  Specifically,  we  have 
been  investigating  new  oxide-based  substrates,  including  LiGa02,  as  a  promising  candidates. 

Recent  efforts  have  focused  on  the  structural  quality  of  GaN  grown  on  LiGa02.  Cross- 
sectional  transmission  electron  microscope  (XTEM)  analysis  shows  a  superior  structural  quality  of 
the  GaN  film  grown  on  (001)  LiGa02,  as  detailed  elsewhere  in  this  report.  Figs.  rV.3a-c,  IV.4a-d, 
and  IV.5  show  cross-sectional  TEM  micrographs  of  a  sample  grown  at  850°C,  V/III  ratio  of  3300, 
and  a  reactor  pressure  of  130  Torr.  The  GaN  was  deposited  in  a  low-pressure,  horizontal,  cold- 
wall  MOCVD  reactor  using  triethylgallium  (TEGa)  and  ammonia  (NH3)  precursors  and  N2  as  a 
carrier  gas.  The  threading  dislocation  density  ranged  from  10^/cm^  at  the  interface  to  loVcm  at 
-0.3  pm  away  from  the  interface.  The  upper  portion  of  the  GaN  film  exhibited  an  extremely  low 
extended  defect  density,  approaching  that  reported  for  homoepitaxy  of  GaN.  The  dislocation 
density,  however  is  higher  in  the  50-nm-thick  region  near  the  film  substrate  interface.  According 
to  XTEM  results  there  is  an  amorphous  or  nanocrystalline  inter-layer  between  the  film  and 
substrate.  The  present  results  suggest  that  either  the  chemical-mechanical  polishing  of  the  LiGa02 
surface  did  not  effectively  remove  the  slicing  damage  or  the  near  surface 
microstructure/composition  was  altered  during  the  initial  stages  of  growth.  This  latter  mechanism 
is  perhaps  related  to  Li  diffusion  into  the  GaN,  or  surface  reaction  with  the  gas  phase  reactants,  or 
stress  induced  due  to  the  slight  mismatch  between  LiGa02  and  the  harder  GaN  film. 

We  have  had  some  difficulty  in  assessing  the  film  quality  precisely  using  HRXRD  as  the 
film  thickness  (0.5  pm)  is  smaller  than  the  X-ray  penetration  depth  (3  to  5  pm).  As  a  result  the 
signal  intensity  originating  from  the  substrate  dominates  the  spectrum.  We  plan  to  grow  thick 
(-5  pm)  GaN  films  for  further  characterization. 

Evidence  exists  that  there  is  significant  diffusion  of  Li  into  the  GaN,  even  at  this  relatively 
low  growth  temperature.  We  are  currently  investigating  the  extent  of  interdiffusion  by 
characterizing  films  by  SNMS,  SIMS,  AES  and  XTEM  as  a  function  of  annealing  conditions. 


During  this  qxiarter  we  have  initiated  studies  on  the  LiGa02  substrate  preparation 
procedure  and  the  influence  of  LiGa02  nitridation  on  the  properties  of  GaN  films  grown  by 
MOCVD.  Before  receiving  the  LiGa02  (001)  substrates,  they  were  oriented  by  X-ray  diffraction, 
sliced  into  wafers  and  polished.  The  last  polishing  step  is  a  colloidal  silica  chemo-mechanical 
polishing  to  epi-grade  quality. 

As  a  first  experiment,  we  studied  the  effect  of  surface  nitridation  as  a  function  of 
temperature  prior  to  film  growth  in  terms  of  surface  morphology  and  surface  chemical 
composition.  The  surface  morphology  of  the  substrates  and  films  was  determined  by  Atomic 
Force  Microscopy  (AFM),  while  the  composition  was  analyzed  by  Auger  Electron  Spectroscopy 
(AES). 

In  these  experiments,  as-received  polished  LiGa02  substrates  were  first  cleaned  with 
acetone  and  methanol  solvents.  The  substrates  were  then  inserted  in  the  reactor  and  exposed  a  N2 
flow  at  a  temperature  between  650  and  900°C  for  10  min.  This  was  followed  by  a  nitridation  step 
using  NH3. 

The  surface  topography  of  the  treated  LiGa02  (001)  substrates  as  determined  by  AFM  is 
displayed  in  Figs.  V.la-d  and  V.2a-d  and  the  RMS  roughness,  Rg,  determined  from  the 
measurements  is  summarized  in  Table  V.l. 

Table  V.  1 .  RMS  surface  roughness  as  a  fimction  of  NH3  exposure  temperature. 


Treatment 

RMS  (Rg),  nm 

As-received 

3.40 

650°C(NH3) 

0.58 

800”C(NH3) 

0.12 

900°C(NH3) 

0.10 

The  surface  roughness  is  observed  to  decrease  significantly  as  compared  with  the  as- 
received  substrates  upon  exposure  to  NH3  at  elevated  temperature.  Surface  flatness  is  further 
improved  with  increasing  NH3  exposure  temperature.  Figs.  V.3a-d  show  the  results  of  an  AES 
investigation  of  the  LiGa02  (001)  surface  treated  in  NH3  at  650,  800,  and  900”C.  AES  analysis  on 
the  as-received  LiGa02  sample  surface  indicated  the  presence  of  oxygen  and  carbon  (disappeared 
after  30  s  of  Ar"*^  sputtering).  After  NH3  pretreatment,  N  was  detected  on  the  surface,  and  the  Ga/N 
ratio  decreased  from  5.14  to  4.05  as  the  temperature  increased  from  800  to  900“C  (Table  V.2). 
The  Ga/0  ratio  also  increased  from  0.44  on  the  as-received  sample  surface  to  0.69  on  the  surface 
pretreated  at  900°C. 
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Fig.  V.la-d.  AFM  images  of  LiGaOiCOOl)  surfaces: 


dj  as  received 

b)  after  10  min  NH3  treatment,  T  =  650  °C 

c)  after  10  min  NH3  treatment,  T  =  800  °C 

d)  after  10  min  NH3  treatment,  T  =  900  °C 
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Fig.  V.2a-d.  3-Dimentional  view  of  LiGaO2(001)  surfaces: 

a)  as  received 

b)  after  10  min  NH3  treatment,  T  =  650  °C 

c)  after  10  min  NH3  treatment,  T  =  800  °C 

d)  after  10  min  NH3  treatment,  T  =  900  °C 


Table  V.2.  AES  analysis  of  LiGa02  untreated  and  treated  substrates 


Treatment 

Atomic  Ratio 
ofGa/0 

Atomic  Ratio 
ofGa/N 

Carbon 

N  Intensity 

As-received 

0.51 

- 

present 

0.44 

- 

650°C(NH3) 

0.47 

- 

present 

7.8 

0.55 

- 

800"C(NH3) 

0.64 

5.14 

- 

18.2 

900‘’C(NH3) 

0.69 

4.05 

- 

26.59 

A  simple  thermodynamic  analysis  of  nitridation  of  binary  oxides  (Ga203  and  Li20) 
indicates  preferential  formation  of  GaN  compound  as  compared  to  Li3N.  However,  mixed  oxides 
or  more  complex  nitride  could  also  have  been  formed. 

The  results  on  analysis  of  the  surface  morphology  by  AFM  of  GaN  films  as  a  function  of 
the  surface  pretreatment  is  shown  in  Figs.  V.4a-c  and  V.5a-c  and  Table  V.3. 


Table  V.3.  Surface  roughness  of  GaN  Films  as  a  fimction  of  pretreatment 


Treatment 

Growth  Temperature  (° 

C) 

RMS  (Rg)  (nm) 

650"C(NH3) 

850 

0.987 

800"C(NH3) 

800 

0.080 

900°C(NH3) 

900 

0.032 

Growth  of  GaN  on  substrates  pretreated  in  NH3  at  650°C  showed  a  very  rough  surface, 
with  apparent  3-d  growth  mode.  The  surface  morphology  of  GaN  film  grown  on  LiGaO2(001) 
pretreated  NH3  at  800  and  900“C,  however,  were  very  smooth,  consistent  with  a  2-d  growth  mode. 

Figs.  V.6a-b,  V.7a-b  and  V.8a-b  shows  AES  spectra,  depth  profiles  and  surface  scans  for 
GaN  films  grown  at  850°C  on  LiGa02  (001)  pretreated  with  NH3  (10  min)  and  substrates  with  no 
pretreatment  (NH3  and  TEGa  flows  simultaneously  initiated).  On  both  samples  the  surface  was 
contaminated  with  oxygen  firom  a  native  oxide.  The  oxygen  appears  only  in  the  top  50  A  of  the 
surface  of  the  sample  after  NH3  treatment.  From  these  data,  the  estimated  transition  layer 
thickness  observed  when  using  the  pretreated  substrate  (~400  A)  is  twice  as  thick  as  observed 
when  using  no  surface  pretreatment. 

The  essential  role  of  the  nitridation  is  thought  to  be  supplying  nucleation  centers  of  GaN 
having  the  same  orientation  as  the  substrate  and  the  promotion  of  2nd  GaN  film  growth  through 
the  decrease  in  interfacial  free  energy  between  the  film  and  substrate.  It  could  also  play  a  role  in 
Li  diffusion  from  the  substrate  into  the  GaN  film,  and  this  is  under  further  investigation. 
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Fig.  V.4a-c.  AFM  images  of  GaN  films  (film  (hickness  =  85  A)  grown 
on  LiGaO2(001): 

a)  after  10  min  NH3  treatment,  T  =  650°C 

b)  after  10  min  NH3  treatment ,  T  =  800  °C 

c)  after  10  min  NH3  treatment,  T  =  900  °C 
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Fig.  V.5a-d.  3-dimentional  view  of  GaN  films  (film  thickness  =  85  A)  grown 
on  LiGaOaCOOl): 

a)  after  10  min  NH3  treatment,  T  =  650  °C 

b)  after  10  min  NH3  treatment,  T  =  800  °C 

c)  after  10  min  NH3  treatment,  T  =  900  °C 
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Fig.  V.6a  b.  aES  spectra  of  GaN  films  grown  on  LiGa02  (001) 

5  ~  3300,  Growth  pressure  =  110  Torr* 

a)  after  LiGa02  substrate  nitridation  10  min  NH3,  T  =  850°C 

b)  non-nitrided  LiGa02  surface 


Fig.  V.8b.  AES  depth  profile  of  GaN  film  grown  on  LiGa02  (001) 

Tg  =  850°C,  V/III  ratio  =  3300,  Growth  pressure  =  110  Torr: 
h)  non-nitrided  LiGa02  surface 


(VI)  Diode  Laser  Materials  (Peter  Zory) 

VI.a.  CdZnSe  Quantum  Well  (OW>  Diode  Laser  Material 

Work  is  continuing  to  establish  the  importance  of  Coulomb  enhancement  and  other 
many-body  effects  in  predicting  the  performance  of  wide  bandgap  lasers  in  general,  and  CdZnSe 
QW  lasers  in  particular.  The  dependence  of  lasing  wavelength  on  laser  length  for  CdZnSe  single 
quantum  well,  buried  ridgeguide  lasers  provided  by  Michael  Haase  of  3M  has  been  measured. 
The  "slope"  of  the  data  is  in  good  agreement  with  the  slope  calculated  from  a  free  carrier 
quantum  well  laser  model  modified  to  include  wavelength  shifts  due  to  carrier  scattering  (CS), 
bandgap  renormalization  (BGR)  and  Coulomb  enhancement  (CE).  However,  it  is  interesting  to 
note  that  good  agreement  could  also  have  been  obtained  if  BGR  and  CE  had  been  ignored  and 
the  carrier  scattering  time  used  had  been  decreased  by  a  factor  of  2.  Additional  measurements 
of  other  parameters  such  as  laser  threshold  and  spontaneous  emission  spectra  are  underway  in 
order  to  remove  this  ambiguity.  Our  collaboration  on  the  theoretical  aspects  of  the  many-body 
problem  with  Paul  Rees,  now  located  at  the  University  of  Wales,  Bangor,  is  continuing. 

VI.b.  TnGaN  OE  LED  Material 

We  are  continuing  work  on  the  liquid  contact  luminescence  (LCL)  technique  for 
evaluating  the  light  emitting  capabilities  of  p-GaN/InGaN/n-GaN  LED  material.  One  problem 
in  using  this  technique  is  the  generation  of  hydrogen  bubbles  in  the  hole  injection  process.  We 
have  developed  a  new  electrolyte  which  provides  hole  injection  without  bubble  generation  and 
are  in  the  process  of  determining  how  well  it  works  with  nitride  materials.  The  LCL  technique 
was  discussed  and  demonstrated  at  the  workshop  on  nitride  LED  materials  held  in  conjnction 
with  the  CLEO  in  June  in  Anaheim,  CA  (workshop  chaired  by  Jo  Major  of  SDL). 


Short  Course; 


"Visible  Semiconductor  Lasers,"  taught  by  D.  Bour  and  P.  Zory  at  the  Conference  on 
Electro-optics  and  Lasers  (CLEO),  Anaheim,  CA,  June  1996. 
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